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Properties and evolution of a protoneutron star in the enlarged SU(3) model.
Ilona Bednarek, Marin Keska, Ryszard Manka
Department of Astrophysis and Cosmology.,
Institute of Physi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Protoneutron stars are hot and lepton rih objets formed as a result of type II supernovae
explosion. This paper desribes results of analysis of protoneutron star models onstruted
under the assumptions that strange partiles are present in the ore. All alulations have
been performed for the neutrino opaque matter when the entropy per baryon is of the order
2. The equation of state whih is ruial for the struture and omposition of a star has been
obtained in the framework of the hiral SU(3) model and ompared with the one involving
derivative oupling of baryons to mesons. Of speial interest in this paper is the omparison
of the two protoneutron star models with those formed when neutrinos leak out of the
system, desribed as ool, deleptonized neutron stars. It has been shown that the maximum
mass of the hot protoneutron star with trapped neutrinos is lose to 1.9M⊙ in ase of the
SU(3) model. However, deleptonization redues the value of stable protoneutron star mass
signiantly to ∼ 1.5M⊙.
setionIntrodution The evolution of a nasent neutron star has to be desribed under the as-
sumption of neutrino trapped matter. Numerial solutions with the lepton number YL ∼ 0.4 are
aepted. A protoneutron star is formed [6, 12, 14, 15℄ as a result of a supernova explosion whih
leaves a hot, neutrino opaque ore surrounded by a older, neutrino transparent outer envelope.
A protoneutron star struture and omposition depend strongly on the hosen form of the equation
of state whih in turn is onneted with the nature of strong interations. However, the harater of
strong interations at high density is still not understood ompletely. At the ore of protoneutron
and neutron stars the matter density ranges from a few times of the density of normal nulear
matter to the value of one order higher than that when hyperons are expeted to appear. The di-
ret onsequene of the extreme onditions inside protoneutron and neutron stars is the possibility
of the appearane of dierent exoti forms of matter. Of speial interest is the existene in these
high density interiors the strangeness omponents like hyperons whih may signiantly hange the
harateristi mass-radius relation of the star [22℄. The appearane of the additional degrees of
freedom and their impat on protoneutron star struture and evolution have been the subjet of
extensive studies [8℄.
The properties of matter at extreme densities are of partiular importane in determining forms of
equations of state relevant to neutron stars and suessively examining their global parameters [2℄.
Theoretial desription of hadroni systems should be performed with the use of quantum hromo-
dynamis (QCD) as it is the fundamental theory of strong interations. However, at the hadroni
energy sale where the experimentally observed degrees of freedom are not quarks but hadrons the
diret desription of nulei in terms of QCD beomes inadequate. In this paper an eetive model
based on hiral symmetry in its nonlinear realization has been introdued. The hiral SU(3) model
[13℄ whih has been applied inludes nonlinear salar and vetor interation terms. This model
oers the possibility of onstruting a strangeness rih neutron star model and provides its detail
desription.
Another alternative theoretial approah to the orret desription of nulear matter whih has been
formulated is quantum hadrodynamis (QHD) [18℄. This theory gives quantitative desription of
the nulear many body problem. QHD is a relativisti quantum eld theory in whih nulear mat-
ter desription in terms of baryons and mesons is provided. The original model (QHD-I) ontains
nuleons interating through the exhange of simulating medium range attration σ meson and ω
meson responsible for short range repulsion. The extension (QHD-II) of this theory [5℄,[4℄ inludes
also the isovetor meson ρ. Nonlinear terms in the salar and vetor elds were added in order to
get the orret value of the ompressibility of nulear matter and the proper density dependene in
the vetor self-energy. The variation of nuleon properties in nulear medium is the key problem in
nulear physis. The mentioned above self-onsistent relativisti eld models involving oupling of
baryons to salar and vetor mesons are suesfull in desribing many properties of nulear matter.
However, there is a problem onneted with the fat that the nuleon eetive mass beomes very
small at moderately high density [23℄. The situation is even worse when hyperons are inluded.
The onset of hyperon formation depends on the hyperon-nuleon and hyperon-hyperon intera-
tions. Hyperons an be formed both in leptoni and baryoni proesses. Several relevant strong
interation proesses proeed and establish the hadron population in neutron star matter. When
strange hadrons are taken into aount unertainties whih are present in the desription of nulear
matter are intensied due to the inompleteness of the available experimental data. The standard
approah does not reprodue the strongly attrative hyperon-hyperon interation seen in double
Λ hypernulei. In order to onstrut a proper model whih would inlude hyperons the eets of
hyperon-hyperon interations have to be taken into aount. These interations are simulated via
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(hidden) strange meson exhange: salar meson f0(975) (σ
∗
meson) and vetor meson φ(1020) (φ
meson) and inuene the form of the equation of state and neutron stars properties.
The solution of the presented models are gained with the mean eld approximation in whih meson
elds are replaed by their expetation values. The parameters used are adjusted in the limit-
ing density range around the saturation density ρ0 and in this density range they give very good
desription of nite nulei. However, inorporation of this theory to higher density requires an
extrapolation whih in turn leads to some unertainties and suers from several shortomings. The
standard TM1 parameter set for high density range reveals an instability of neutron star matter
whih is onneted with the appearane of negative nuleon eetive mass due to the presene of
hyperons. The Zimanyi-Moszkowski (ZM1) [23℄ model in whih the Yukawa type interation gσNσ
is replaed by the derivative one (gσNσ/MN )ψ¯Nγν∂
νψ exemplies an alternative version of the
Waleka model whih improves the behaviour of the nuleon eetive masses. It also inuenes
the value of the inompressibility K of neutron star matter. The derivative oupling eetively
introdues the density dependene of the salar and vetor oupling onstants.
The hosen models are very useful for desribing properties of nulear matter and nite nulei. Its
extrapolation to large harge asymmetry is of onsiderable interest in nulear astrophysis and par-
tiulary in onstruting protoneutron and neutron star models where extreme onditions of isospin
are realized [2, 16, 18, 19℄. The models onsidered desribe high isospin asymmetri matter and
require extension by the inlusion of isovetor-salar meson a0 (980) (the δ meson) [11℄ and nonlin-
ear meson interation terms. This extension aets the protoneutron stars hemial omposition
hanging the proton fration whih in turn aets the properties of the star.
I. PROPERTIES OF PROTONEUTRON STAR MATTER.
The ollapse of an iron ore of a massive star leads to the formation of a ore residue whih
is onsidered as an intermediate stage before the formation of a old, ompat neutron star. This
intermediate stage whih is alled a protoneutron star an be desribed [6, 12, 14, 15℄ as a hot,
neutrino opaque ore, surrounded by a older neutrino transparent outer envelope. The evolution
of a nasent neutron star an be desribed by a series of separate phases starting from the moment
when the star beomes gravitationally deoupled from the expanding ejeta. In this paper two
evolutionary phases whih an be haraterized by the following assumptions:
• the low entropy ore s = 1−2 (in units of the Boltzmann's onstant) with trapped neutrinos
YL = 0.4
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• the old, deleptonized ore (YL = 0, s = 0).
have been onsidered. These two distint stages are separated by the period of deleptonization.
During this epoh the neutrino fration dereases from the nonzero initial value (Yν 6= 0) whih
is established by the requirement of the xed total lepton number at Yl = 0.4, to the nal one
haraterized by Yν = 0. Evolution of a protoneutron star whih proeeds by neutrino emission
auses that the star hanges itself from a hot, bloated objet to a old, ompat neutron star.
The interior of this very early stage of a protoneutron star is an environment in whih matter
with the value of entropy of the order of 2 with trapped neutrinos produes a pressure to oppose
gravitational ollapse. The lepton omposition of matter is speied by the xed lepton number
YL = 0.4. Conditions that are indispensable for the unique determination of the equilibrium
omposition of a protoneutron star matter arise from the requirement of β equilibrium, harge
neutrality and baryon and lepton number onservation. The later one is stritly onneted with
the assumption that the net neutrino fration Yν 6= 0 and therefore the neutrino hemial potential
µν 6= 0. When the eletron hemial potential µe reahes the value equal to the muon mass, muons
start to appear. Equilibrium with respet to the reation
e− + νe ↔ µ− + ν¯µ (1)
is assured when µµ = µe − µνe (setting µνµ = 0). The appearane of muons redues the number of
eletrons and also aets the value of the proton fration in matter. In the interior of protoneutron
stars the density of matter an substantially exeed the normal nulear matter density. In suh a
high density regime, it is possible that nuleon Fermi energies exeed the hyperon masses and thus
additional hadroni states are expeted to emerge. The higher the density the greater number of
hadroni speies are expeted to appear. They an be formed both in leptoni and baryoni pro-
esses. The hemial equilibrium in stellar matter establishes relation between hemial potentials
of protoneutron star matter omponents. In the ase when neutrinos are trapped inside matter the
requirement of harge neutrality and equilibrium under the week proesses
B1 → B2 + f + ν¯f B2 + f → B1 + νf (2)
leads to the following relations
∑
i
(nB+
i
+ nf+) =
∑
i
(nB−
i
+ nf− ]) (3)
µi = biµn + qi(µf − µνf )
4
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where bi is the baryon number of partile i, qi is its harge, f stands for leptons f = e, µ and
µνf = µe. The nonzero neutrino hemial potential hanges hemial potentials of the onstituents
of the system and also inuenes the onset points and abundane of all speies inside the star. The
inrease of eletron and muon onentration is a signiant eet of neutrino trapping. The proton
fration Yp also takes higher value in order to preserve harge neutrality. In the ase of strangeness
rih matter the appearane of harged hyperons permits the lower eletron and muon ontent and
thus the harge neutrality tends to be guaranteed with the redued lepton ontribution. After
deleptonization the neutrino hemial potential redues to zero and hemial equilibrium inside
matter diers from the one presented above. The relations between hemial potentials of dierent
onstituents of the system is now obtained setting µν = 0. This stage is followed by an overall
ooling stage during whih the entropy in the star dereases.
II. THE MODEL.
The most general form of the Lagrangian funtion L of the whole system an be shown as a sum
of separate parts whih represent baryon together with baryon-meson interations, salar, vetor
and lepton terms, respetively
L = LB + LS + LV + LL. (4)
A. Salar mesons.
The onstrution of the U(3)L ×U(3)R invariants [7℄,[21℄ allows us to inlude dierent forms of
meson-meson interations. The following terms have been introdued
X = Tr(Φ†Φ), Y = Tr[(Φ†Φ)2], Z = detΦ+ detΦ†. (5)
where the rst two are U(3)L × U(3)R invariant, whereas the Z term expliitly breaks the U(1)A
symmetry. The presented above invariants are onstruted from the 3 × 3 matrix eld Φ whih
enables the olletive representation of the spin 0 elds
Φ =
1√
2
Taφa =
1√
2
λa(σa + iπa), (a = 0, . . . , 8) (6)
where Ta = λa are the generators of U(3) and λa are the Gell-Mann matries with λ0 =
√
2
31
inluded for the singlet. The λ matries are normalized by
Tr(λaλa) = 2δab. (7)
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The σa and πa elds are members of the salar Σ =
1√
2
λaσa (J
P = 0+) and pseudosalar Π =
1√
2
λaπa (J
P = 0−) nonets respetively. Presenting them as matries one an obtain
Σ =


1√
2
a00 +
1√
6
σ8 +
1√
3
σ0 a
+
0 κ
+
a−0 − 1√2a00 +
1√
6
σ8 +
1√
3
σ0 κ
0
κ− κ¯0 − 1√
6
σ8 +
1√
3
σ0

 (8)
Π =


1√
2
π0 + 1√
6
π8 +
1√
3
π0 π
+ K+
π− − 1√
2
π0 + 1√
6
π8 +
1√
3
π0 K
0
K− K0 − 2√
6
π8 +
1√
3
π0

 . (9)
The salar part of the Lagrangian funtion LS is a sum of the U(3)L ×U(3)R symmetri term and
the expliit symmetry breaking one
LS(Φ) = LS,sym(Φ) + LSB. (10)
The LS,sym(Φ) part in turn ontains the kineti and potential terms and an be expressed as:
LS,sym(Φ) = 1
2
Tr(DµΦ
†DµΦ)− U(Φ) (11)
with the potential funtion U(Φ) dened in the following way
U(Φ) = m2Φ†Φ+ α1[Tr(Φ†Φ)]2 + α2Tr(Φ†Φ)2 (12)
where m is the tree level mass of the elds in the absene of symmetry breaking term, α1 and α2
are oupling onstants. The expliit symmetry breaking term LSB has the following form:
LSB = c[Det(Φ) +Det(Φ†)] + Tr[H(Φ + Φ†)]. (13)
The rst term whih breaks the U(1)A symmetry of the Lagrangian expliitly gives the mass
to the pseudosalar singlet. In the seond term H denotes the 3 × 3 matrix with H =
1/
√
2diag(m2pifpi,m
2
pifpi, 2m
2
KfK −m2pifpi) where mpi = 139 MeV, mK = 498 MeV.
The spontaneous hiral symmetry breaking is triggered by a non-vanishing expetation value σ
orresponding to the loation of the minimum of the potential U(Φ). After the symmetry breaking
the Φ eld aquires a vauum expetation value. Owing to parity onservation in innite neutron
star matter the pseudosalar elds πa annot assume a non-vanishing vauum expetation value
for Φ. Shifting the salar elds by their vauum expetation values and substituting them to the
Lagrangian funtion (10) allows us to determine the potential funtion U(Φ− < Φ >).
6
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Figure 1: The form of the potential funtion U(ϕ, ζ).
The salar elds σa in the basis of U(3) generators are not mass eigenstates and the obtained
mass matrix is not diagonal. Sine the mass matrix is real and symmetri, there exists a real
orthogonal matrix O whih diagonalizes M. On the assumption that ϕ = (1/√6σ8 + 1/
√
3σ0)
and ζ = (−1/√6σ8 + 1/
√
3σ0), the physial salar elds are obtained as a result of the following
proedure

ϕ
ζ

 =

 cosϑ sinϑ
−sinϑ cosϑ




σ
σ∗

+


ϕ0
ζ0

 . (14)
whih yields the diagonalization and shifting the elds to the minimum of the potential U(ϕ, ζ).
The form of the potential funtion U(ϕ, ζ) is depited in Fig.1. For the remaining a00 state the
following substitution has been established a00 ≡ δ. The eld σ desribes a broad resonane (mσ ∼
470 MeV) onneted with the exhange of a orrelated pair of pions.
B. Baryon-meson interation.
Baryon elds that enter the model are grouped into a 3× 3 traeless hermitian matrix
B =


1√
6
Λ + 1√
2
Σ0 Σ+ p
Σ− 1√
6
Λ− 1√
2
Σ0 n
Ξ− Ξ0 − 2√
6
Λ

 . (15)
For the baryon kineti terms to preserve hiral invariane the loal, ovariant derivatives have to
be used [13, 24℄
DµB = ∂µ + i[Γµ, B] (16)
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where
Γµ = − i
2
[u†∂µu+ u∂µu†]. (17)
and
u = exp[
i
2f0
πaλaγ5]. (18)
Thus the pseudosalar mesons are given as parameters of the symmetry transformation.
The general form of the baryon(B) meson (W ) interation terms an be written as follows [10, 13, 24℄
LBW = −
√
2gW8 (αW [BOBW ]F + (1− αW )[BOBW ]D)− gW1
1√
3
Tr(BOB)TrW (19)
where
[BOBW ]F = Tr(BOWB −BOBW ) (20)
[BOBW ]D = Tr(BOWB +BOBW )− 2
3
Tr(BOB)TrW (21)
The relation (19) it is a mixture of the F-type (antisymmetri) and D-type (symmetri) ouplings,
αW denotes the F/F + D ratio. The dierenes for the baryon-salar and baryon-vetor meson
interations are onneted with dierene in Lorentz spae. For salar mesons W = Φ and O = 1
The masses of the whole baryon multiplet are generated spontaneously by the vauum expetation
value of the nonstrange and strange meson ondensates
< M >= diag(
σ√
2
,
σ√
2
, ζ) (22)
The assumption that αV = 1 has be made. Setting also g
V
1 =
√
6gV8 the model in whih nuleon
mass does not depend on the strange ondensate is obtained. The value of the nuleon mass an
be obtained by adjusting only one oupling onstants. The orret values of the remaining baryons
it is neessary to introdue an expliit symmetry breaking term.
For the baryon-vetor meson interations W = Vµ and O = γµ The universality priniple and
the vetor meson dominane model points to the onlusion that the D-type oupling should be
small. Setting as for the ase of salar mesons αV = 1 and g
V
1 =
√
6gV8 , the latter assumption
orresponds to the ase when strange vetor eld does not ouple to nuleon, the following form of
the baryon-vetor meson interation Lagrangian an be written
LBV = −
√
2gV8 ([BγµBV
µ]F + Tr(BγµB)TrS
µ). (23)
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with the singlet vetor meson state Sµ and Vµ being the matrix ontaining the otet of vetor meson
elds
Vµ =


1√
6
V 8µ +
1√
2
ρ0µ ρ
+
µ K
∗+
µ
ρ−µ
1√
6
V 8µ − 1√2ρ0µ K∗0µ
K∗−µ K¯∗0µ − 2√6V 8µ

 . (24)
The relations for the vetor meson ouplings reet quark ounting rules.
The physial meson states ω and φ are mixed states. They stem from the singlet Sµ and otet V
8
µ
vetor meson states and are given by the relation
ω = V 8µ cos θ − Sµ sin θ (25)
φ = V 8µ sin θ + Sµ cos θ.
Under the ondition that the vetor meson φ is nearly a pure ss state as it deays mainly to kaons
the mixing with the mixing angle tan θ = 1/
√
2 is alled ideal.
C. Vetor mesons.
The general vetor meson Lagrange funtion an be presented as a sum of the kineti energy
term, mass term and higher order self-interation terms:
LV = −1
4
Tr(VµνV
µν) +
1
2
m2V Tr(VµV
µ)− c[Tr(VµV µ)2]− dTr[(V µVµ)2]. (26)
with the eld tensor Vµν = ∂µVν − ∂νVµ. This form of the mass term implies a mass degeneray
for the meson nonet.
D. Leptons.
Leptons are gathered into SUL(2) dublets and singlets with the avor f (f = e, µ)
Lf =

 νf
ef


L
, efR, νfR
Assuming that neutrinos νf have masses mf the lepton Lagrange funtion has the form
LL = iLfγ
µDµLf + efRγ
µDµefR −
∑
f mfefef +
∑
f iνfLγ
µDµνfL +
∑
f iνfRγ
µ∂µνfR
−∑f,f ′ Mf,f ′(νfLνf ′R + h.c.) −∑f,f ′ Mf,f ′(νfLνf ′R + h.c.)
9
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The physial massive neutrinos are mixture of neutrinos with dierent avors
νfL =
∑
i UL,fiνiL
νfR =
∑
i UR,fiνiR
III. RELATIVISTIC MEAN FIELD EQUATIONS.
To investigate the properties of innite nulear matter, the mean eld approximation has been
adopted. The symmetries of innite nulear matter simplify the model to a great extent. The
translational and rotational invariane laimed that the mean elds of all the vetor elds vanish.
Only the time-like omponents of the neutral vetor mesons have a non-vanishing expetation
value. Owing to parity onservation, the vauum expetation value of pseudosalar elds vanish
(< πa >= 0). Meson elds have been separated into lassial mean eld values and quantum
utuations, whih are not inluded in the ground state. Thus, for the ground state of homogeneous
innite nulear matter quantum elds operators are replaed by their lassial expetation values.
σ = σ +s0 σ
∗ = σ∗ + s∗0 δ
a = δ
a
+ d0δ
3a
φµ = φµ + f0δµ0 ωµ = ωµ + w0δµ0 b
a
µ = b
a
µ + r0δµ0δ
3a
When strange hadrons are taken into aount unertainties whih are present in the desription of
nulear matter are intensied due to the inompleteness of the available experimental data. The
standard approah does not reprodue the strongly attrative hyperon-hyperon interation seen in
double Λ hypernulei. In order to onstrut a proper model whih do inlude hyperons the eets of
hyperon-hyperon interations have to be taken into aount. These interations are simulated via
(hidden) strange meson exhange: salar meson f0(975) (σ
∗
meson) and vetor meson φ(1020) (φ
meson) and inuene the form of the equation of state and neutron stars properties. The presene of
hyperons demands additional oupling onstants whih have been tted to hypernulear properties.
The Lagrangian funtion for the system is a sum of a baryoni part, inluding the full otet of
baryons, baryon-meson interation terms, a mesoni part and a free leptoni one. The Lagrangian
density of interating byarons LBM an be expliitly written out in the following form:
LBM = i
∑
B
ψ¯Bγ
µDµψB −
∑
B
ψBMeff,BψB (27)
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where the spinor ΨT = (ψN , ψΛ, ψΣ, ψΞ) is omposed of the following isomultiplets [8℄,[1℄:
ΨN =
(
ψp
ψn
)
, ΨΛ = ψΛ,
ΨΣ =


ψΣ+
ψΣ0
ψΣ−

 , ΨΞ =
(
ψΞ0
ψΞ−
)
.
Dµ is the ovariant derivative given by
Dµ = ∂µ + igωBωµ + igφBφµ + igρBI3Bτ
aρaµ. (28)
The meson part of the Lagrangian funtion inludes nonlinear terms that desribe additional inter-
ations between mesons.
LM = 1
2
∂µσ∂
µσ +
1
2
∂µδ
a∂µδa +
1
2
∂µσ
∗∂µσ∗ − Ueff,s(σ, δ, σ∗)
−1
4
ΩµνΩ
µν +
1
2
M2ωωµω
µ − 1
4
RaµνR
aµν +
1
2
M2ρρ
a
µρ
aµ
−1
4
ΦµνΦ
µν +
1
2
M2φφµφ
µ + Ueff,v(ω, ρ, φ). (29)
The eld tensors Ωµν ,Φµν and R
a
µν are dened as
Ωµν = ∂µων − ∂νωµ Φµν = ∂µφν − ∂νφµ (30)
Raµν = ∂µρ
a
ν − ∂νρaµ + gρǫabcρbµρcν . (31)
All nonlinear meson interation terms are olleted in the vetor and salar potential funtions
Ueff,v(ω, ρ, φ) and Ueff,s(σ, δ, σ
∗).
The form of the salar potential is portrayed by
Ueff,s(σ, δ, σ
∗) =
1
2
m2σσ
2 +
1
3
g2σ
3 +
1
4
g3σ
4 +
1
2
m2δ(δ
aδa) (32)
+
1
4
gδ4(δ
aδa)2 + gσδ2σδ
aδa +
1
2
gσ2δ2σ
2δaδa
+
1
2
m2σ∗σ
∗2 +
1
3
gσ∗3σ∗3 +
1
4
gσ∗4σ∗4 + gσσ∗2σσ∗2
+gσσ∗3σσ∗3 + gσ2σ∗σ2σ∗ + gσ2σ∗2σ2σ∗2 + gσ3σ∗σ3σ∗
+gδ2σ∗δ2σ∗ + gδ2σ∗2δ2σ∗2 + gσδ2σ∗σδ2σ∗,
whereas the eetive vetor potential has the following form
Ueff,v(ω, ρ, φ) =
1
4
c3
(
(ωµω
µ)2 + (ρaµρ
aµ)2 − 3(ωµωµ + ρaµρaµ)(φµφµ)− (φµφµ)2
)
(33)
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Figure 2: The salar potential funtion alulated for dierent parameter sets.
Table I: Parameter sets for hosen equations of state.
TM1 GM3 SU3
mσ (MeV) 511.2 450.0 477.6
mδ (MeV) 980.0 980.0 1029
g2 7.2325 fm
−3
15.286 fm−3 16.196 fm−3
g3 0.6183 -6.4547 15.669
gσN = gσ 10.029 7.186 7.923
gω 12.61 8.702 9.225
gρ 9.264 8.542 5.742
gσδ2 0 0 32.639 fm
−3
gσ2δ2 0 0 29.511
gδ4 0 0 19.781
The potential funtion Ueff,s(σ, 0, 0) is presented in Fig.2. Salar potential funtions generated for
TM1 and GM3 (Glendenning and Moszkowski [9℄) parameter sets are also inluded in this gure.
The salar σ oupling onstants for hyperons are hosen to reprodue hyperon potentials in
saturated nulear matter:
UNΛ (ρ0) = −30MeV, UNΣ (ρ0) = +30MeV, UNΞ (ρ0) = −18MeV (34)
Upon a reent analysis of Σ− atomi data there has been indiation of the existene of a repulsive
isosalar potential in the interior of nulei. This orresponds to a resent searh for Σ hypernulei
whih show the lak of bound-state or ontinuum peaks. The only found Σ bound state is 4ΣHe.
The binding results from the strong isovetor omponent of the Σ nulear interation. Thus, in
the onsidered model Σ hyperons will not appear in the neutron star interior. The experimental
data onerning hyperon-hyperon [17℄ interation are extremely sare. The observed double Λ
12
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Table II: The nonlinear SU3 parameter set.
mσ(MeV) mδ(MeV) g2 g3 gσ
477.6 1029 16.196 fm−3 15.669 7.923
gω gρ gδ4 gσδ2 gσ2δ2
9.225 6.754 19.78 31.69 fm−1 59.02
gσ∗3 gδ2σ∗ gδ2σ∗2 gσδ2σ∗ gσ∗4
49.88fm−1 -9.51 1.90 21.39 34.07
gσσ∗2 gσσ∗3 gσ2σ∗ gσ2σ∗2 gσ3σ∗
25.27 12.01 -9.51 1.90 4.88
hypernulear events in emulsion require strong ΛΛ attrative interation. An analysis of events
whih an be interpreted as the reation of ΛΛ hypernulei allows us to determine the well depths
of hyperon in hyperon matter. The σ∗ oupling onstants to hyperons, in aordane with the
one-boson exhange model D of the Nijmegen group and the measured strong ΛΛ interation, are
xed by the ondition:
− U (Ξ)Ξ ≈ −U (Ξ)Λ ≈ −2U (Λ)Ξ ≈ −2U (Λ)Λ ≈ 40MeV. (35)
The appropriate parameter set is denoted as SU3 onstrained not only by the value of physial
salar meson masses but also by the properties of nulear matter at saturation. The obtained
results are olleted in Table 1 and 2.
The eetive interation is introdued through Klain-Gordon equations for the meson elds with
baryon densities as soure terms. These equations are oupled to the Dira equations for baryons.
All the equations have to be solved self-onsistently. The eld equations derived from the Lagrange
funtion at the mean eld level are the following:
(m2σ + gσ2δ2d
2
0 + gσ2σ∗s
∗
0)s0 + (g2 + gσ3σ∗s
∗
0)s
2
0 + g3s
3
0 (36)
=
∑
B
gσBM
2
effS(Meff,B)
m2ωw0 + c3w
3
0 −
3
2
c3w0f
2
0 =
∑
B
gωBnB (37)
m2ρr0 + c3r
3
0 −
3
2
c3r0f0 =
∑
B
gρBI3BnB (38)
m2δd
3
0 + 2(gσδ2s0 +
1
2
gσ2δ2s
2
0 +
1
4
gδ4 + gδ2σ∗s∗0 + gδ2σ∗2s
∗2
0 + gσδ2σ∗s
∗
0s0)d0 (39)
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=
∑
B
gδBI3BS(Meff,B)
m2σ∗s
∗
0 + (gσ∗3 + 3gσσ∗3s0)s
∗2
0 + gσ∗4s
∗3
0 + 2(gσσ∗2s0 + gσ2σ∗2s
2
0 + gδ2σ∗2d
2
0)s
∗
0 (40)
+(gσ2σ∗s20 + gσ3σ∗s
3
0 + gδ2σ∗d
2
0) =
∑
B
gσ∗BM
2
effS(Meff,B)
m2φf0 −
3
2
c3(w
2
0 + r
2
0)f0 − c3f30 =
∑
B
gφBnB. (41)
The funtion S(Meff,B) is expressed with the use of the integral
S(Meff,B) =
2JB + 1
2π2
∫ ∞
0
k2dk
E(k,Meff,B)
(fB − fB¯) (42)
where JB and I3B are the spin and isospin projetion of baryon B, nB whih denote the baryon
number density is given as
nB =
2JB + 1
2π2
∫ ∞
0
k2dk(fB − fB¯) (43)
The funtions fB and fB¯ are the Fermi-Dira distribution for partiles and anti-partiles respetively
fB,B¯ =
1
1 + eE[(k,Meff,B)∓µB ]/kBT
. (44)
The Dira equation for baryons that is obtained from the Lagrangian funtion has the following
form:
(iγµ∂µ −MB,eff − gωBγ0ω0 − gφBγ0f0 −
1
2
gρBγ
0τ3r0)ψ = 0 (45)
from this equation it is notieable that the baryon develop the eetive mass MB,eff generated by
the baryon and salar eld interations and dened as:
MB,eff =MB − (gσBs0 + gσ∗Bs∗0 + I3BgδBd0) (46)
and the eetive hemial potential µeff is given by
µB,eff = µB − (gωBγ0ω0 − gφBγ0f0 −
1
2
gρBγ
0τ3r0) (47)
Numerial solutions of the equation (46) is presented in Fig.3. The main eet of the inlusion
of δ meson itself beomes evident when studying properties of neutron star matter espeially
baryon mass splitting and the form of the equation of state. Fig.3 depits the eetive baryon
masses as a funtion of baryon number density nB. There is a notieable mass splitting of
baryons for eah isomultiplet in medium whih depends on the onsidered baryoni masses. The
14
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Figure 3: The eetive nuleon masses obtained for dierent parameter sets.
Table III: Meson-hyperon oupling onstants for the ZM1 model.
gσΛ 0.5207 gσN gσ∗Λ 0.5815 gσN gωΛ
2
3 gωN
gρΛ 0 gδΛ 0 gφΛ -
√
2
3 gωN
gσΣ 0.1565 gσN gσ∗Σ 0 gωΣ
2
3 gωN
gρΣ 2 gρN gδΣ 2 gδN gφΣ -
√
2
3 gωN
gσΞ 0.2786 gσN gσ∗Ξ 0.5815 gσN gωΞ
1
3 gωN
gρΞ gρN gδΞ gδN gφΞ -
2
√
2
3 gωN
bigger is the mass, the smaller the mass dierenes are. Depending on the sign of the third
omponent of partiular baryon isospin the δ meson interation inreases the proton and Ξ0
eetive masses and dereases masses of neutron, Σ− and Ξ−. Contrary to this situation, when δ
meson is not inluded, the baryon mass for a given isomultiplet remains degenerated. Through-
out the eetive baryoni masses δ meson alters baryon hemial potentials what is reeted in
harateristi modiation of the appearane, abundane and distributions of the individual avors.
As it was stated earlier neutron star matter possesses highly asymmetri harater aused by the
presene of small amounts of protons and eletrons. The introdution of the asymmetry parameter
fa whih desribes the relative neutron exess dened as
fa =
nn − np
nN
(48)
allows to study the symmetry properties of the system. Similarly to the asymmetry parameter fa
a parameter fs whih speify the strangeness ontent in the system and is stritly onneted with
15
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the appearane of partiular hyperon speies in the model has been introdued.
fs =
nΛ + nΣ + 2nΞ
nΛ + nΣ + nΞ + nN
. (49)
IV. THE DERIVATIVE COUPLING MODEL.
The desription of the nulear matter properties with the use of the standard TM1 parameter
set reveals a shortoming whih is onneted with the appearane of negative nuleon eetive
masses for densities harateristi for hyperon stars. The Zimanyi-Moszkowski (ZM1) [23℄ model
in whih the Yukawa type interation gσNσ is replaed by the derivative one (gσNσ/MN )ψ¯Nγν∂
νψ
exemplies an alternative version of the Waleka model and improves the behavior of the nuleon
eetive masses.
In this model in the term whih represents the Lagrangian density of interating baryons is given
as follows
LBM =
∑
B
(1 +
gσBσ + gσ∗Bσ
∗ + I3BgδBτaδa
MB
)ψ¯Biγ
µDµψB −
∑
B
ψBMBψB (50)
Resaling the baryon eld in a way proposed by Zimanyi and Moszkowski [23℄ the modied Lagrange
funtion for interating baryons is obtained
LB = −
∑
B
ψ¯Biγ
µDµψ −
∑
B
(
1 +
gσBσ + gσ∗Bσ
∗ + I3BgδBτaδa
MB
)−1
ψBMBψB (51)
Expanding the expression (1 + gσNσ/MN )
−1
in terms of gsNσ/MN (index N denotes nuleons) up
to rst order in σ allows one to reprodue the baryoni part of the Lagrangian of the Waleka model
with a Yukawa N − σ interation. The eetive baryon mass in this ase is given by the following
formula
MB,eff =
MB
1 + (gσBσ + gσ∗Bσ∗ + I3BgδBτaδa)/MB
(52)
The parameters employed in the ZM1 model are olleted in Tables 3 and 4 [3℄. In this ase
the value of the parameter gρN has to be redened in omparison with the standard TM1 value.
The parameters gρN and gδN are adjusted to obtain the symmetry energy oeient asym(n0) at
saturation equal 32.4 MeV whih is in good agreement with the empirial value of about 30 ± 4
MeV.
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Table IV: Meson-nuleon oupling onstants for the ZM1 model.
gσN 7.84 gφN 0
gωN 6.671 g3 0
gρN 9.5 g4 0
gδN 3.1 c3 0
gσ∗N 0
V. RESULTS AND CONCLUSIONS.
On obtaining the form of the equations of state of protoneutron star matter the mass-radius
relation and omposition of the star an be speied. Two distintive parameter sets desribing
strangeness rih matter have been used. The rst one denoted as SU3 has been onstruted on
the basis of hiral symmetry whereas the latter one (ZM1) has been obtained with the use of the
derivative oupling model. The onsidered theories have been extended by the inlusion of δ meson
and nonlinear vetor meson interation terms. The inlusion of δ meson seems to be indispensable
for the omplete desription of asymmetri neutron star matter. The main eet of the presene of
δ meson beomes evident when studying properties of matter espeially baryon mass splitting and
the form of the equation of state. Throughout the eetive baryon masses δ meson alters baryon
hemial potentials what realizes in harateristi modiation of the appearane, abundane and
distribution of the individual avors. The assumptions underlying the alulations performed in
this paper are onneted with the hoie of the repulsive nuleon-hyperon Σ interation.
The forms of the seleted equations of state are shown in Fig.4. In agreement with the generally
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Figure 4: The pressure energy density relations for the seleted parameter sets.
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Figure 5: The equilibrium omposition of protoneutron star matter as a funtion of the baryon number
density nB. Upper left panel depits the omposition obtained on the basis of the ZM1 model for s = 2 and
Yl = 0.4. Upper right has been alulated for s = 0 and Yl = 0. Results obtained for SU3 model are presented
in lower panels s = 2 and Yl = 0.4 (left) and s = 0 and Yl = 0(right).
aepted sheme of protoneutron star evolution results for two dierent ases has been presented.
The rst one orresponds to the era of neutrino trapping (YL = 0.4 and s = 2) and the seond one
fullls the onditions of old, deleptonized matter (YL = 0 and s = 0). This gure presents also
the inuene of both entropy and neutrino trapping. For these two ases the SU3 models lead to
signiantly stier equations of state.
In the four suessive panels of Fig.5 the analysis of the relative onentrations of partiles as
funtions of baryon number density nB are presented. These results indiate that the rst strange
baryon that emerges is the Λ it is followed by Ξ− and Ξ0. For both parameter sets the sequene of
appearane of hyperons is the same however,in ase of ZM1 parameter set, shifted towards higher
densities. Due to the repulsive potential of Σ hyperons their onset points are possible at very high
18
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model M(MS) R(km) ρc (10
15g/cm3) Tc (MeV) Pc (MeV/fm
3)
SU3, S = 2, YL = 0.4 1.88 12.3 2.0 49.68 268.1
SU3, T = 0 1.49 10.52 2.43 0.0 189.9
ZM1, S = 2, YL = 0.4 1.62 11.41 2.44 34.88 300.4
ZM1, T = 0 1.46 11.2 1.98 0.0 166.0
Table V: Properties of protoneutron maximum mass ongurations for SU3 and ZM1 parameter sets.
densities whih are not relevant for neutron stars. The appearane of Ξ− hyperons through the
ondition of harge neutrality aets the eletron and muon frations and auses a drop in their
ontents. Therefore the appearane of harged hyperons permits the lowering of lepton ontents
and harge neutrality tends to be guaranteed without lepton ontribution. Larger eetive baryon
masses ause the shift of given hyperon onset point espeially for the harged ones in the diretion
of higher densities.
Any realisti alulation of the properties of neutron stars is based upon the general relativisti
equation for hydrostati equilibrium (the Oppenheimer-Volko equation [20℄).
On speifying the equation of state the solution of this equation an be found and this allows us
to determine global neutron stars parameters [2℄. The struture of spherially symmetri neutron
star is determined with the use of this equation whih is integrated starting from ρ = ρc at r = 0
to the surfae at r = R where ρ = 0. In this way a radius R and a mass M = m(R) for a given
entral density an be found . As a result, the mass-radius relation an be drown. These relations
for the hosen forms of the equations of state are presented in Fig.6. This partiular sequene of
gures gives a detailed inside into what happens with lowering number of neutrinos (Yν → 0) and
dereasing value of entropy. In the left panel of Fig.6 the mass-radius relations for the protoneutron
star alulated with the use of ZM1 parameter set is plotted. The right panel depits the mass-
radius relations for SU3 model. In general neutrino trapping inreases the value of the maximum
mass. The SU3 parameter set gives higher value of the maximum mass then the ZM1 parameter set.
Dots whih are onneted by straight lines represent the evolution of ongurations haraterized
by the same baryon number. In both gures there are ongurations whih due to deleptonization
go to the unstable branh of the neutron star mass-radius relation. The redution in mass is
muh bigger in ase of the SU3 parameter set. The stellar parameters obtained for the maximum
mass onguration for dierent models are presented in Table V. The solutions of the struture
equations also allows us to arry out an analysis of the onset point, abundane and distributions
of the individual baryon and lepton speies as funtions of the star radius. The omparison of
results obtained for the two ases presented above (ZM1 and SU(3)) have been made on the basis
19
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Figure 6: Deleptonization of a protoneutron star. The left panel presents results obtained for ZM1 parameter
set and the right panel for the SU3 model.
of the assumption that the repulsive Σ interation shifts the onset point of Σ hyperons to very
high densities. Consequently, they do not appear in the neutron star interior alulated in these
models. The maximum mass ongurations has been onsidered. In ase of trapped neutrinos the
ZM1 model leads to more ompat strangeness rih ore. This very ompat hyperon ore whih
emerges in the interior of the maximum mass onguration onsists of Ξ− and Λ hyperons as shown
in the upper left panel of Fig.7. The presene of negatively harged hyperons redues the ontent
of negatively harged leptons. For the SU3 model the strangeness rih ore is more extended (the
bottom left of Fig.7) but in ase of neutrino trapped matter it ontains only Λ hyperon. The
absene of negatively harged hyperons leaves the eletron and muon ontent unhanged. After
deleptonization the strangeness rih ore in ase of the SU3 model remains more extended than in
the ase of ZM1 parameter set but it ontains Ξ0, Ξ− and Λ hyperons.
The relative baryon omposition in this model an be also analyzed through the density dependene
of the asymmetry parameter fa and the strangeness ontents fs. Fig.8 presents both parameters as
funtions of the star radius R. As it was shown in Fig.7 trapped neutrinos have an inuene on the
harged hyperon onset points. The appearane of additional negatively harged partiles has the
onsequene on the proton ontent in the system and this in turn on the asymmetry parameter fa.
Fig. 9 depit the relative frations of protons, eletrons and muons for the ZM1 and SU3 parameter
sets. Fig. 8 ompares the asymmetry parameter fa for ZM1 and the SU3 parameter sets. It is
notieable that SU3 parameters give less asymmetri protoneutron and neutron star but with the
higher value of the strangeness ontent parameter fs.
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Figure 7: The equilibrium omposition for the maximum mass onguration as funtions of the stellar radius
R. Upper left panel depits the omposition obtained on the basis of the ZM1 model for s = 2 and Yl = 0.4.
Upper right has been alulated for s = 0. Results obtained for SU3 model are presented in lower panels
s = 2 and Yl = 0.4 (left) and s = 0 (right).
Fig. 10 depits the temperature proles plotted for the presented above models. In ase of ZM1
protoneutron star model the temperature in interior of maximum mass onguration takes higher
value than in ase of SU3 model. The appearane of the strangeness-rih ore on both plots is
marked by the loal inversion of temperature.
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